A specially designed setup was used to apply a constant load to a thin sheet sample of AA2024-T3 and, using microfocal X-ray radiography, to observe in situ the resulting intergranular stress corrosion cracking (IGSCC) from the exposed edge of the sample. The growth of and competition between multiple IGSCC sites was monitored. In many experiments twin cracks initiated close to each other. Furthermore, the deepest crack at the beginning of every experiment was found to slow or stop growing, and was then surpassed by another crack that eventually penetrated through the sample. These observations cannot be explained by the theory of fracture mechanics in inert environments. The possible mechanisms underlying the competition between cracks are discussed.
Introduction
The pronounced susceptibility of high strength aluminum alloys to intergranular stress corrosion cracking (IGSCC) seriously limits their lifetime as engineering materials [1] . The propagation kinetics of cracks along the grain boundaries (GBs) [2, 3] , and interaction between the microstructure and local environment [4] have been studied. Anodic dissolution associated with precipitates along GBs is considered to be the primary mechanism of stress corrosion cracking (SCC) in high strength 2xxx (Al-Cu-Mg) series alloys [5, 6] . Galvanic interaction between the particles and the local surrounding matrix can lead to preferential dissolution of anodic particles or dissolution of the adjacent matrix surrounding noble particles [7] [8] [9] [10] . Evolution of hydrogen always occurs in actively growing localized corrosion sites and cracks . The absorption of hydrogen into the aluminum alloy leads to the possibility of crack propagation by hydrogen embrittlement (HE) [11, 12] .
Conventionally, investigations of SCC growth have been performed using configurations such as the double cantilever beam (DCB), the constraints of which allow only a single crack per specimen [3] . In contrast, multiple intergranular corrosion (IGC) cracks exist in real structures. The stress intensity for periodically spaced edge cracks in a semi-infinite body has been addressed [13, 14] . However, the situation for multiple cracks of varying length and spacing is still unclear. In recent studies, we have described the use of X-ray radiography to image in situ the initiation and growth of multiple IGC sites in AA2024 using a modified ASTM-G49 stressing jig to apply a fixed displacement [15] [16] [17] . Competition between multiple IGCs was observed. In this study, X-ray microfocal radiography was put to further use in the study of IGSCC in AA2024-T3 with a setup that applied constant load rather than constant elongation, thereby allowing calculation of the stress intensity at the crack tips.
Experimental
Sheet samples were cut from a wrought AA2024-T3 plate (Cu 4.5%, Mg 1.45%, Mn 0.57%, Si 0.11%, Fe 0.25%, Zn 0.09%, Ti 0.02%, Cr 0.01%, and other elements total 0.05% max) with 19 mm thickness. Details of the experimental procedure are given elsewhere [18] . The samples had dimensions of 80 mm in the S (short transverse) direction × 4 mm in the L (longitudinal or rolling) direction, and were reduced in thickness along the T (transverse) direction to 1.05 mm by grinding and polishing. The sample was stressed in the S direction and a part of the L face of the sample (12 × 1.05 mm) was exposed to 1.0 M NaCl solution, allowing cracking in the L direction. Tabs of the same material were laser-welded in the S direction to plate sections to extend their length [19] .
A constant load was applied along the sample length using a specially designed constant load fixture that gripped the sample on both ends, Fig. 1 . One set of grips was stationary and bolted into the base plate. The other set contained nylon wheels sliding along the base plate. A stainless steel cable connected the movable grips over a stationary pulley to hanging weights to create the constant load. As the cracks extended, the sample deformation was accommodated by motion of the movable grips, which maintained a constant load. The X-ray microfocal radiographic imaging technique was performed using a 225-kV, 3-mA Xray source with 3-5 µm focal size and a positioning system with 2 µm linear resolution. To obtain optimum resolution for a 1.05 mm thick Al alloy sample, a 40 kV source voltage and 200 µA current were used. The X-rays irradiated the T face of the sample and then illuminated special film, as described previously [19, 20] . Absorption of the X-rays by the sample resulted in a negative, gray-scale, radiographic image, in which higher density regions such as intermetallic particles were bright and lower density regions associated with intergranular sites or corrosion product were dark. The same electrochemical cell used in the fixed displacement experiments and described in detail elsewhere [15] was sealed on the top of samples, allowing potentiostatic polarization at -580 mV SCE in 1.0 M NaCl by the potentiostat system. 
Results

In situ radiography evaluation
A constant load resulting in an initial stress of 77 MPa (23% of the yield stress) was applied [19] . Fig. 2 shows radiographic images of the L-S sample during the experiment. The top edge of each image was the sample surface exposed to solution. The vertical white streaks in Fig.  2 (a) are associated with intermetallic particles aligned in the L direction. The horizontal white line 1.5 mm below the top surface resulted from the red lacquer sealing the edge of the cell lips, as described in detail elsewhere [15, 16] . The cracks show up as thick, dark vertical lines initiating at the top exposed surface and growing downwards in the L direction. X-ray radiography is an integration of the microstructure rather than a reflection of continuous microstructure.
As shown in Fig. 2 , sharp cracks protrude downwards from some of the sites across the sample. A crack marked at site 1 in Fig. 2 (a) formed first, and another crack at site 2 was found later after 20 min. Prior to 30 min, Fig. 2 (b), these two cracks were similar in length, although crack 2 appeared to be darker and wider. After 1 h, Fig. 2(c) , a twin crack at site 3 became evident and was deeper than the cracks at the other sites. After 1.75 h, the twin cracks at site 3 were more clearly seen to be the deepest in the sample ( Fig. 2(d) ). Close examination of Fig.  2 (d) reveals some shallow cracks initiated at site 4, just to the right of site 2, which eventually became the failure crack as described below. Fig. 2 (e) and (f), after 3 and 6.5 h, respectively, show that the cracks at sites 1 and 2 stopped growing. The cracks at site 3 continued to be the clearest and deepest in the sample, but there was no evident crack growth there either. After 6.5 h, however, the cracks at site 4 advanced rapidly. During the 30 min period between Fig. 2 (f) and (g), the nominal growth rate of the large crack at site 4 was approximately 0.06 mm/min, and this crack penetrated through the sample shortly afterwards. Fig. 2(h) shows the broken sample that was unloaded and removed from the cell. Besides the failure crack, the long stifled cracks and short IGC sites are evident.
The crack-stopping phenomenon was reproducible. Other experiments were performed at different loading levels and in each one, the deepest crack at the beginning of the experiment stifled and was later passed by another crack [18] . Stifling of initial long cracks was also observed in our recent work with a fixed displacement stressing jig [15, 16] . Determination of stress intensity is facilitated by the constant load setup as discussed presently. Fig. 3 shows the length of the failure crack at site 4 as a function of time as well as the lengths of several stifled cracks, which are grouped in the shaded region. This figure shows clearly how the failure crack grew slowly during the test and then transitioned to a fast growth rate after 6 h.
Analysis of IGSCC growth and quantification of stress intensity
Stress intensity (K) at the crack tip is the dominant driving force in mechanical fracture [21] . K for an array of equal-length and equal-spaced parallel cracks in a semi-infinite plate has been formulated [13, 14] , but the variable-spaced cracks of varying length in the current study are quite different. Therefore, the single edge notched tension (SENT) model was used to quantify K of the cracks [22] :
where P is the constant load, B is the plate thickness (0.105 cm), W is the whole width of the sheet sample (0.375 cm), and a is the active crack length. The dimensions of this sample result in plane stress conditions. Fig. 4(a) shows the stress intensity calculated for the stifled crack at site 3 and the failure crack at site 4 as a function of time and Fig. 4(b) shows the da/dt vs. K curves. The growth rate of the stifled cracks slowed as they grew longer despite the increase in K. As a result, the da/dt-K curves for these cracks have very different shapes than what is typically found for growing cracks. This suggests that K is not the determining factor in crack growth for these stress corrosion cracks. The local susceptibility to intergranular stress corrosion appears to be a significant factor. 
Discussion
In this study, X-ray radiography was used to monitor the growth and competition of multiple IGSCCs. The condition of constant load results in an increasing stress intensity for growing cracks. According to the theory of fracture mechanics, the longest crack should have the highest stress intensity and grow preferentially to the other shallow cracks. However, in this study and other unreported tests [18] the crack that resulted in ultimate failure was not the longest crack at the early stages, whereas long cracks tended to stop growing. This phenomenon was not observed in the absence of applied stress, where IGC grew uniformly across the sample at a uniform rate [17] . The slowing and acceleration of different cracks in a single sample only was observed for stressed samples in a constant displacement jig [15] [16] [17] or in the constant load setup.
The plane strain fracture toughness (K IC ) can be determined using different types of specimens and methods. K IC values reported for wrought AA2024-T351 single-edge notched plate less than one inch thick are in the range of 28-51 MPa m 1/2 , depending on the microstructure [23] . Besides the factors of cracking orientation and metallurgy, the critical stress intensity factor for SCC, K ISCC , is also dependent upon environment. A study of DCB specimens with crack-stress orientation similar to the specimen in this work reported K ISCC = 8 MPa m 1/2 and 2nd stage cracking rate da/dt = 7 × 10 -9 m/sec for AA2024-T351 at open circuit potential in 3.5% NaCl at 23 °C [24] .
Even though the current test specimens were thin and short-width plates in the plane stress condition and contained multiple cracks, the K values are comparable to the published data. As shown in Fig. 4(a) , the initial longer crack at site 3 was observed at the value of K= 8 MPa m 1/2 after 20 min, which is similar to K ISCC for a thick plane strain specimen [24] . This suggests that the initial growth of the crack was at the critical condition for SCC crack stability, or K ISCC . K for this crack increased with crack growth, but then leveled off as it stifled at K = 30 MPa m 1/2 . The crack at site 4 started growing at K = 2 MPa m 1/2 during the first 20 min and K then increased slowly over 6 h as the crack grew slowly. During this time, it can be considered that this crack was IGC and not IGSCC, which explains the crack growth at low K values. However, after 6 h, the crack at site 4 started growing faster, which is likely associated with the transition from IGC to IGSCC. Interestingly, at this transition point, the K value is just above 8 MPa m 1/2 , supporting the notion of K ISCC = 8 MPa m 1/2 . This crack then grew quickly and failed the sample. The da/dt-K plot in Fig. 4(b) shows the cracking rate at the 2nd stage was around 1 × 10 -6 m/sec, which is about 100 times higher than reported values from standard DCB tests [24] . This difference probably resulted from the high potential applied to the sample; the reported values were at OCP.
The stifling of long cracks and acceleration of shorter cracks indicate that the effects of electrochemistry and local susceptibility of the microstructure are significant or even dominant in the crack growth process. The strong effect of electrochemistry might result from the applied potential (-580 mV SCE), which is relatively high and strongly promoted the formation of localized corrosion in the form of IGC. Controlled by a potentiostat, the available current was essentially infinite. So the stifling of cracks did not result from current limitations. Shortly after IGC initiated and started growing, one of the sites became an active SCC site and grew faster. IGC continued at a slower rate at the other sites as the SCC crack propagated. Therefore, there was no chance for different cracks to be competing for a fixed cathodic current, which can occur under open circuit conditions.
For linear elastic fracture mechanics to be valid, the small scale yield (SSY) criterion must be upheld to avoid surface effects. SSY requires the active crack length, a, and the remaining amount of sample in the cracking direction, b = (W -a), to be larger than 2.5(K/σ ys ) 2 , where σ ys is yield stress [22] . In these experiments, the sample width, W, is 3.8 mm. Assuming crack growth at the critical condition of K= K ISCC , the critical dimension is 1.3 mm. Therefore, the region of crack growth where the SSY criterion is upheld is limited in the samples used in this work. The initial long crack stopped growing at a dimension close to where the SSY criterion was invalid, so it is possible that the crack stifling was a result of the yield zone ahead of the crack changing as a result of the sample configuration, i.e., the limited remaining uncracked material can result in large scale yielding that might blunt the crack tip. However, this explanation does not account for the acceleration of a shorter crack that ultimately propagates through the sample.
It is also possible that the stifling of cracks occurs when they intersect triple points where one grain ends. The initial crack stifled at around 2 mm length, which is similar to the grain dimension in the L direction. At such an intersection, the conditions at the crack tip might change. One possibility is that the direction of the grain boundary changes at the triple point intersection so that the resolved stress at the crack tip is decreased. However, the very high aspect ratio of the grains in this material suggests that geometric effects on stress and stress intensity should be minimal.
The local GB composition could also change from one grain to another so that the stifling may take place when the IGC reaches a GB with an altered composition (including GB precipitates and neighboring precipitate free zone) that is much more resistant to SCC. The rapid acceleration of other cracks might be caused by a crack moving to a GB that is more susceptible to SCC. No definitive evidence supporting a mechanism for crack stifling was generated in this work.
Conclusions
Intergranular stress corrosion cracks in AA2024-T3 were characterized using a constant load setup that allowed multiple cracks to grow and compete with following observations:
1. In every experiment, the longest crack at early stages stopped growing and was passed by a crack at another site. 2. Stress intensity can be used to characterize the contribution of mechanical driving force in IGSCC, but it appears not to be the dominant driving force for cracking in a corrosive environment. 3. The effects of electrochemistry and local susceptibility of the microstructure play significant roles in IGSCC propagation. 4. The transition of IGC to IGSCC has been identified with a stress intensity equal to the critical stress intensity factor for stress corrosion cracking, K ISCC .
